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ABSTRACT 
 
Many outstanding issues in tokamak fusion arise from the interaction of the fusion plasma with 
the first wall of the device, particularly in the divertor of the tokamak. Edge cooling, impurity 
generation, and first wall erosion among others all have root causes that lie in particle and energy 
exchanges that occur at the plasma boundary. Solid divertors, currently made mainly out of 
carbon, beryllium, or tungsten, can be strongly eroded by the edge plasma and appear as 
impurities in the plasma, leading to higher radiative losses. Solid divertors also tend to engender 
high edge recycling regimes, leading to edges that are much cooler than the core. Liquid lithium 
has been proposed, tested, and, on small scales, proven to be a potential replacement for current 
divertor concepts. Liquid lithium surfaces give rise to low recycling regimes at the plasma edge, 
increasing energy confinement times, encouraging quiescent H-Mode plasmas, and lowering 
radiative losses from the core. Current schemes for introducing lithium into a fusion device 
consist of lithium evaporators. However, as fusion devices evolve from pulsed to steady state, 
new methods will need to be employed such as the Lithium-Metal Infused Trenches (LIMIT) 
concept of the University of Illinois at Urbana-Champaign (UIUC), or thin flowing film lithium 
walls. Critical to the implementation of these devices is understanding the interactions of liquid 
lithium with various surfaces. Presented here are experiments investigating the material 
compatibility, wetting characteristics, and relative thermopower of liquid lithium with a variety 
of potential substrate candidates for the LiMIT concept. Experiments on the wetting 
characteristics of the lithium used the contact angle as a metric. Among those materials 
investigated are 316 stainless steel, molybdenum, tantalum, and tungsten. The contact angle, as 
well as its dependence on temperature was measured. For example, at 200 C, tungsten registers a 
contact angle of 130
o
, whereas above its wetting temperature of 350 C, the contact angle is less 
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than 80
o
. At sufficiently high temperatures, lithium wet each material, and several methods were 
found to decrease the critical wetting temperature of various materials which are presented here. 
The thermopower of W, Mo, Ta, Li and Sn has been measured relative to stainless steel, and the 
Seebeck coefficient of each of these materials has then been calculated. For molybdenum the 
Seebeck coefficient has a linear rise with temperature from SMo = 3.9 μVK
-1
 at 30 
oC to 7.5 μVK-
1
 at 275 
o
C, while tungsten has a linear rise from SW = 1.0 μVK
-1
 at 30 
oC to 6.4 μVK-1 at 275 oC, 
and Tantalum has the lowest Seebeck coefficient of the solid metals studied with STa = -2.4 μVK
-
1
 at 30 
o
C to -3.3 μVK-1 at 275 oC. The two liquid metals, Li and Sn have also been measured. 
The Seebeck coefficient for Li has been re-measured and agrees with past measurements. As 
seen with Li there are two distinct phases in Sn also corresponding to the solid and liquid phases 
of the metal. In its solid phase the SSn-solid = -1.5 μVK-1 at 30 
o
C and -2.5 μVK-1 near the melting 
temperature of 231 
o
C. There is a distinct increase in the Seebeck coefficient around the melting 
temperature as the Sn melts and stays relatively constant over the rest of the measured 
temperatures, SSn-melt = -1.4 μVK
-1
 from 235 
o
C to 275 
o
C.  
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CHAPTER 1: INTRODUCTION 
 
Fusion energy has the potential to become the power source of the future. With an abundant 
source of fuel and zero emissions among its other benefits, nuclear fusion is a source of immense 
amounts of energy. Boasting the highest energy content per mass of fuel, nuclear fusion has the 
ability to meet the growing world electricity demand, provided we can design a reactor that 
produces twenty times more energy than it consumes in an economical manner. To date, this is a 
goal that has yet to be reached. Hurdles in plasma confinement, plasma heating, and first-wall 
materials among others have made the realization, let alone the commercialization, of nuclear 
fusion a daunting task. Though fusion research has been conducted for over 50 years, it still has 
yet to produce a reactor that produces more energy than it consumes. However, recent research 
has uncovered a potential path through which fusion might become a viable energy resource. 
 
As mentioned previously, fusion is still grappling with several issues that prevent the generation 
of power from such a device. The first of these is plasma confinement. The achievement of 
sustainable nuclear fusion relies on satisfaction of the Lawson criterion, i.e. that the product of 
plasma density and energy confinement time exceed some critical value. The closest reactor 
known to man that satisfies this confinement criterion is the sun. The large gravitational field of 
the sun is sufficient to ensure enough fusion reactions per second to keep the sun hot enough to 
continue to fuse. Terrestrial reactors attempt to satisfy this same criterion, however in starkly 
different ways. Magnetic confinement fusion, more specifically tokamak fusion, is the most 
mature of these methods. Magnetic confinement fusion relies on the principal that cross-field 
diffusion of charged particles is much slower than diffusion along field lines, i.e. in a uniform 
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field in the absence of collisions, charged particles will orbit the same field line indefinitely. 
Many magnetic confinement schemes have been proposed, ranging from simple magnetic 
mirrors to advanced stellerators. However, of all of these, the tokamak has been the most heavily 
studied. The tokamak is a torus, or donut-shaped, vessel where the magnetic field lines travel 
around the torus and close on themselves, preventing the end leakage that many magnetic mirror 
concepts experience. Toroidal confinement, however, is far from perfect, and ultimately density 
gradient (grad n)
1
, ion and electron temperature gradient (ITG and ETG)
2,3
, and field curvature 
and gradient drifts
4
 among other effects conspire to limit the confinement of particles whose 
temperatures exceed that of the inside of the sun by inducing instabilities, such as the edge 
localized modes (ELMs) seen in most tokamak discharges. 
   
Plasma heating is another issue. Cross sections for the deuterium-tritium fusion reaction are 
negligible below a few keV
5
. Several keV of particle energy, however, corresponds to tens if not 
hundreds of millions of Kelvin. Plasma heating is accomplished through multiple methods in 
existing fusion devices. Ohmic heating, which utilizes an induced plasma current to generate 
heat from collisions within the plasma, electron and ion cyclotron resonance heating, which 
relies on the resonance of the pump RF frequency with the electron or ion cyclotron frequency to 
heat different species, and neutral beam injection, where particle accelerators introduce 
extremely hot neutral atoms that heat the plasma collisionally, are all methods currently 
employed in tokamaks. Maintenance of the fusion reaction, then, relies on the coexistence of a 
plasma at temperatures of around 15 keV separated by very short distances from a first wall that, 
due to material constraints, must be maintained below its melting point. This dichotomy of 
temperatures leads to the existence of large temperature gradients
6
 at the edge of the plasma, and 
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can even lead to cooling of the core. This is accomplished via recycling of hot hydrogenic 
species at the wall. In a large recycling mode, when hot ions diffuse out into the scrape off layer 
of the fusion plasma and impact the wall, they thermalize, and diffuse back in, strongly cooling 
the edge plasma
7,8
. This requires that more energy be pumped in via one of the above heating 
techniques to ensure that the plasma remains hot enough to continue to fuse deuterium and 
tritium. 
 
The final large issue to be discussed in this introduction is the proper choice of first wall 
material, particularly in the divertor region of the tokamak. Though this plasma is magnetically 
confined, without proper shaping, the plasma still contacts the wall everywhere. Early 
experiments began to constrain the plasma to only strike a limited portion of the device. Limiters 
were employed to ensure that the scrape off layer, or the plasma existing outside of the last 
closed flux surface which did not impact a wall, only came into contact with the limiter. Limiters 
however received incredibly high heat fluxes, offered no convenient pumping solutions, and 
introduced toroidal asymmetries. To address these issues, the divertor was introduced. Via 
proper shaping of a plasma, the scrape off layer can be constrained to hit a region of the device 
sitting at the bottom of the tokamak. The divertor can be considered the exhaust pipe of the 
fusion device. It is here that the helium ash is pumped out from the device. It is also here that the 
largest heat flux is deposited from the fusion plasma. Heat fluxes of greater than 10 MW/m
2
 are 
anticipated as fusion devices grow in size
9,10,11
. As a result of their function within a tokamak, 
divertors are subject to incredibly extreme environments. High radiation loads from alpha 
particles, hot hydrogenic ions, and neutrons impart a series of harsh conditions which include, 
but are not limited to, exceedingly high heat fluxes, radiation damage, and erosion
12,13,14
.   
4 
 
 
1.1 Liquid Lithium in Fusion 
Recent research has begun to employ liquid lithium in order to try to address several of the above 
issues. Lithium has the ability to trap hydrogenic species interacting with it and to reduce the 
recycling of these ions at the wall of the device
15,16
. Such a reduction in recycling offers two-fold 
benefits. First, cold recycled ions do not return to the plasma, allowing for edge temperatures that 
are much higher and can be entirely controlled by the neutral beam power and temperature 
profiles across the fusion device that are much flatter
8
. This means that a much greater volume of 
the device can fuse for a given input power and geometry, allowing reactors to output more 
power for the same amount of input power. Second, the reduction in recycling leads to lower 
edge densities and relaxation of a steep density gradient known as the pedestal in H-Mode, or 
high confinement mode, discharges. These lower densities and relaxation of density gradients 
results in more stable discharges, and with high enough quantities of lithium, has given rise to 
quiescent (non-ELMing) H-Mode discharges
17,18
. The benefits of lithium were most notably 
observed near the end of the lifetime of the Tokamak Fusion Test Reactor (TFTR) in Princeton 
Plasma Physics Lab (PPPL)
19
. In an attempt to increase the energy confinement times of 
tokamak devices and to reduce the load on external heating devices, lithium had been theorized 
to prevent the recycling of deuterium and tritium atoms striking the first wall back into the 
plasma. For several of the last shots of TFTR, lithium was evaporated into the device, coating 
portions of the first wall. The resulting shots saw such increases in energy confinement and 
fusion power that they were termed “supershots”. Due to the success of these experiments, 
efforts have been ongoing in several fusion devices to incorporate liquid lithium plasma facing 
components (PFCs). Examples of this can be seen in the Liquid Lithium Divertor of the National 
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Spherical Tokamak eXperiment (NSTX) and the Current Drive eXperiment Upgrade (CDX-U) 
experimental fusion devices, both of which are housed at Princeton Plasma Physics Lab (PPPL). 
Figures 1.1 and 1.2 show experimental confirmation of the benefits of liquid lithium
20,17
.  
 
Figure 1.1: Energy Confinement Time Measured in CDX-U 
(Kaita et. al.), Great Increases in Energy Confinement 
Time Can Be Seen (At Expense of Increased Fueling Rate 
Required to Maintain Density) 
 
Figure 1.2:Transistion from ELMy H-Mode Discharges to 
Quiescent H-Mode Discharge with Increased Lithium Deposition 
Figure 1.1 shows the increase in energy confinement time experienced by CDX-U at PPPL 
imparted by the inclusion of liquid lithium on the tokamak walls. The vertical axis, τE, is energy 
confinement time, one term of the product appearing in the Lawson criterion. Higher energy 
confinement times are indicative of a fusion reactor getting closer to ignition, i.e. a self-heated 
discharge. The horizontal axis has the time rate of change in the density, the more negative the 
time rate of change, the greater the required fueling rate would be to maintain constant density. 
Figure 1.2 shows the transition from ELMy H-Mode discharges to quiescent H-Mode discharges 
seen on NSTX as quantified by the alpha line emission from deuterium in the divertor. Spikes in 
the Dα line are indicative of edge localized modes. As the shot number, seen in the upper left of 
each discharge, increases the periods of quiescence, as shown by long times without an ELM, 
become longer and more prevalent. 
 
 1.2 Flowing Liquid Lithium Concepts 
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Due to the favorable results of tests at TFTR, NSTX, CDX-U and others, researchers are looking 
to implement liquid lithium into the divertor region of plasma fusion devices
21, 22
. However, 
barriers exist. Lithium engenders a low recycling wall by reacting chemically with the species 
that impact it, but the high reactivity that enables the gettering also presents an issue. Lithium 
reacts strongly with oxygen and nitrogen impurities as well, and the surface can become 
passivated over time
23
. The effects of this have been seen at PPPL, where additional evaporation 
of lithium is required in between shots to continue to observe the strong pumping of hydrogenic 
species by lithium, resulting in the low recycling regime
24
. It is for this reason that a flowing 
lithium surface is desired, so that as portions of the surface become passivated, they are replaced 
with fresh, clean lithium
25
. Flowing a liquid metal in high magnetic fields, however, also 
introduces new issues. Magneto-hydrodynamic (MHD) damping effects slow the flow of lithium, 
and may render the pumping requirements for such a system unattainable. There are several 
concepts that seek to address these issues, and two of the leading candidates are discussed here.  
 
The first of these concepts is the Flowing Liquid Lithium concept of Leonid Zakharov of PPPL. 
The FLiLi system consists of a thin slowly flowing film of liquid lithium
26
. Lithium is supplied 
via inlet tubes to the top surface of a plate. Lithium then flows slowly down this plate, providing 
a surface which reduces hydrogen recycling
27
. Lithium is collected at the bottom of the plate, 
removed and processed. This thin film would also allow the back surface to be cooled 
conventionally, and the temperature of the film could then be controlled by the coolant. The 
effect of MHD drag on the lithium is sufficiently small because of the slow velocities of the 
lithium, but the lithium still flows sufficiently fast that it is not passivated by the time it reaches 
the bottom of the plate. An illustration of FLiLi
28
 can be seen in Figure 1.3.  Concerns have been 
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raised about the survivability of FLiLi as a divertor candidate due to the potential of erosion of 
the plate if thermocapillary forces evacuate lithium from under the divertor strike point. 
However, FLiLi was only designed as a limiter concept and was never intended to remove the 
large heat fluxes present in the divertor of a tokamak.  
 
Figure 1.3: Flowing LIquid LIthium (FLiLi) Concept 
 
The second of these two concepts is the Liquid Metal Infused Trenches (LiMIT) concept of the 
Center for Plasma Material Interactions at the University of Illinois at Urbana-Champaign
29
. 
LiMIT consists of a series of trenches machined out of an electrically conductive, high melting 
point material such as molybdenum or tungsten. These trenches are then filled with lithium 
which is circulated from the inlet side, down the channels, and through an outlet. Perhaps the 
most important feature of LiMIT however, is that the lithium in the trenches flows of its own 
accord without the need for a pump. An effect known as TEMHD or thermoelectric 
magnetohydrodynamics is responsible for the lithium flow
30
. In the trenches, the impinging 
plasma creates a thermal gradient between the top and bottom of the trench
25
. The divertor strike 
point of the fusion plasma hits the top of the LiMIT trenches delivering heat which is removed 
via cooling channels that run below the trenches. This establishes a temperature difference 
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between the top and bottom of the channel wall. This thermal gradient combined with the 
interface at the trench wall between the dissimilar metals of lithium and molybdenum/tungsten 
gives rise to a thermoelectric current, much like two thermocouple junctions held at different 
temperatures. This thermoelectric current then interacts with the main toroidal field which, due 
to a JxB body force on the lithium, causes the lithium to flow (For illustration of the TEMHD 
effect driving lithium flow see Figure 1.4). 
  
Figure 1.4: TEMHD Illustration (Left: End on View of A Single Trench, Showing Thermal Gradient (Color Contour), 
Thermoelectric Current (Vectors), and JxB Force Imparted on Lithium from TE Current Crossed with Main Toroidal Field. 
Right: 3-D Schematic of LiMIT Concept Showing Divertor Strike Strip (Assumed Gaussian Heat Flux), Trench Walls, Lithium 
Channel, and Cooling Channels) 
 
 
 1.3 Project Scope 
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  1.3.1 Objectives 
It is the aim of this project to measure the properties of liquid lithium that are of paramount 
importance to a thermoelectric magnetohydrodynamic liquid lithium PFC. This investigation is 
in support of continuing research into liquid lithium divertor solutions, particularly those which 
rely on TEMHD to drive liquid lithium flow. Since this flow relies on large thermoelectric 
currents
30
 to provide the pumping force, the Seebeck coefficient of various materials was 
investigated
31
, allowing for the determination of the relative thermopower between lithium and a 
variety of potential solid materials which may form the bulk of a TEMHD device. Also 
important are capillary forces on the liquid lithium, due to its large surface tension and the 
millimeter dimensions of currently proposed TEMHD concepts. Due to this, the wetting 
properties of liquid lithium on a variety of surfaces are also presented here. Investigation of the 
wetting properties of liquid lithium was conducted with the use of a lithium injector, and as a 
result, the operation of the injector was also characterized, namely the Rayleigh-Taylor 
disruption of the lithium jet exiting the injector nozzle into droplets. 
 
  1.3.2 Uniqueness 
While previous studies
32,33,34
 have investigated the Seebeck coefficient of several of these 
materials, disagreement between previously presented sets of data motivated further 
investigation. The library of known Seebeck coefficients was also expanded upon in this 
research. Previous studies
35,36
 also investigated the wetting properties of lithium on various 
substrates, however, a novel method was devised for the contact angle tests performed which 
yielded new information that had heretofore been undiscovered by other methods. Methods for 
decreasing the wetting temperature of lithium on various substrates were also investigated which 
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had not been characterized in previous studies. The lithium injection techniques used here are 
also new. Previous experiments both at Illinois and elsewhere have relied on different techniques 
to introduce lithium
24
. Evaporation of lithium to coat the inside of tokamaks has been the most 
widely used, an example of which can be found in the LIThium EvaporatR (LITER) device used 
on NSTX. Melting a piece of lithium on a substrate has also been employed, and was previously 
the technique of choice for introducing lithium into experiments at the Center for Plasma 
Material Interactions (CPMI) at the University of Illinois at Urbana-Champaign. However, a new 
technique was sought to obtain macroscopic droplets of lithium with very small amount of 
impurity on the surface, initially, for study. For this reason, the lithium injector was developed.  
 
 1.4 Project Overview 
Over the course of this thesis, the work performed to characterize liquid lithium for 
implementation in a thermoelectric magnetohydrodynamic device for nuclear fusion applications 
will be presented. This work begins with the development and supporting theory of a lithium 
pellet producer which forms small spherically-shaped pellets of lithium to be used in an ELM 
control device
37
 at Princeton Plasma Physics Lab and the realization that the ability to eject 
variable quantities of lithium cleaned of most impurities. This realization was developed into the 
lithium injector that is used to fill the TEMHD devices developed at CPMI. The theory, results, 
and development into a TEMHD device is shown in Chapter 2. This lithium injector was also 
used to perform the series of contact angle measurements that are subsequently presented here. 
The new methodology for investigating wetting of lithium on various surfaces, results, and 
several unique observed phenomena, such as ejection of lithium from a static droplet under 
certain conditions, are described in Chapter 3. Subsequently, the physical basis behind the 
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Seebeck effect, as well as its extension to the thermopower of the interface between liquid 
lithium and a variety of potential TEMHD trench materials is presented in Chapter 4.  A 
discussion of the work performed, its implications, and applications is given in Chapter 5. 
Finally, Chapter 6 summarizes the previous chapters as well as providing the anticipated path for 
future work to be performed.  
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CHAPTER 2: LITHIUM INJECTION 
 
The lithium injector developed at CPMI has gone through multiple iterations in its development. 
Originally, the idea was to build an electrostatic lithium injector that would replace the LITER 
system on NSTX. This injector would rely on electrospray techniques first described by Sir 
Geoffrey Ingram Taylor
38
. A high voltage would be applied to a jet of lithium exiting a nozzle. 
The jet would subsequently break up into an aerosol due to the high electric field at the tip of the 
jet, creating a charged spray that could be directed about the tokamak by a group of electrostatic 
deflection plates. Nicknamed ELI (Electrostatic Lithium Injector), the device consisted of a ½” 
OD stainless steel tube, with a nozzle, also machined from stainless steel, that screwed onto the 
lower end of the stainless steel tube. The tube was connected via a Swagelok connection to a 
tank of argon gas on the upper end by way of a needle valve. The tube was inserted vertically 
through an Ultra-Torr fitting into a vacuum chamber. The portion of the tube that resided in 
vacuum was heated with nichrome wire isolated from the main injector tube with a layer of 
Kapton tape. Lithium was formed into rods in a glove box under atmospheric pressure of argon, 
and was then transferred to the injector tube. The entire assembly was pumped with a roughing 
pump to a base pressure of ~80 mTorr. The injector tube was then heated to a temperature of 220 
C as measured by two type K thermocouples mounted on the outside of the tube. A back pressure 
of argon was applied to the lithium, forcing it out of the nozzle. The electric field was applied by 
providing a bias between the injector and the bulk chamber. However, issues with the breakdown 
of the residual gas at high fields stymied progress of the device. It was noticed, however, that 
lithium exiting the injector when the electric field was not applied formed a jet that broke up 
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downstream of the nozzle into droplets. The size of these droplets could also be controlled by the 
backing pressure of argon, i.e. the higher the pressure the smaller the droplet size.  
 
As a result of these observations, it was realized that the control over droplet size could be used 
to produce small spheres of lithium. These small spheres could then be used with the granular 
injector used to inject small pellets of lithium into the plasma edge on NSTX. Used for ELM 
control and pacing, the granular injector can trigger edge localized modes (ELMs) in a tokamak 
discharge by injecting a pellet of lithium that ablates in the plasma edge and triggers an 
instability
37
. By triggering ELMs more frequently, the intensity of the ELMs are reduced and 
core impurities can be dumped from the core more frequently as well
39
. The distance of 
penetration of the lithium pellets into the core, however, is important, and it is controlled by the 
pellet diameter. Too small of a pellet, and it will not have the desired effect as it will ablate too 
rapidly. Too large of a pellet, and it will penetrate too far and deposit lithium in the core as well 
as the edge. The ideal diameter found by tests at PPPL was found to be 1mm
40
. This motivated 
the creation of the Lithium Pellet Production (LiPP) device at UIUC to be able to produce 1mm 
spheres of lithium. The LiPP device developed at CPMI was intended to produce small lithium 
pellets in the range of 1 mm diameter for use with the granular injector and lithium particle 
dropper at PPPL. Unlike the electrostatic lithium injector described previously which was to use 
electrospray, the method utilized by LiPP is based on the disruption of a jet of liquid metal into 
small droplets and can be extended to any metal with sufficiently low melting point. This method 
was designed based on the observations of droplet size control from different backing pressures. 
The result is a very simple and relatively inexpensive tool that can create hundreds of small 
spheres of lithium with a very tight size distribution in a matter of tens of seconds.  
14 
 
 
2.1 Theory for Rayleigh-Taylor Breakup of a Jet into Droplets 
 
2.1.1 Sphere Formation 
When a fluid exits a nozzle as a jet, the Plateau-Rayleigh instability drives the jet to break up 
into droplets
41
. The flow becomes unstable due to competition between fluid pressure and 
surface tension. The instabilities grow along the length of the jet, eventually resulting in droplet 
formation. Plateau-Rayleigh theory begins with a sinusoidal perturbation to the radius of the jet, 
and follows the evolution of this disturbance over a falling column of liquid. This perturbation 
eventually grows to the point where the column of liquid is disrupted into individual droplets. 
The radius of the jet is assumed to have the following form: 
       
             (2.1) 
Where, Ro, is the unperturbed column radius and will be defined throughout this thesis as the 
orifice radius, ε, is the perturbation amplitude, k, is the wavenumber, ω, is the frequency and can 
be also interpreted as the growth rate for a given instability, and, R, is the perturbed column 
radius. Assuming similar forms for the perturbations to the radial and axial velocities as well as 
pressure, this can then be entered into the incompressible flow Navier-Stokes equations: 
 (
  
  
     )                (2.2) 
          (2.3) 
 Resulting in the following relations to first order in ϵ: 
   
  
  
 
 
  
  
     (2.4) 
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     (2.5) 
    
  
 
   
 
 
    
  
       (2.6) 
Entering perturbations of the form,            yields the following differential equation for the 
radial velocity perturbation: 
  
   
   
  
  
  
                 (2.7) 
Whose solution is modified Bessel function of the first kind, of order one. Substitution of this 
back into 2.4 yields an expression for the pressure perturbation.  
   
     
 
 
      
       
             (2.8) 
By applying the Young-LaPlace equation at the boundary of the jet, the following relationship is 
found for the pressure perturbation: 
   
    
  
         
               (2.9) 
Combination of 2.8 and 2.9 yields a dispersion relation of the following form: 
   
 
   
    
       
       
        
      (2.10) 
Where, ρ, and, γ, are the fluid density and surface tension respectively. The maximum growth 
rate, therefore, occurs at kR0 = 0.697 yielding ω = 0.34(γ/(ρR0
3
))
1/2
. This is this mode which 
determines the size of the droplets. Assuming the jet exiting the injector to be a cylinder, the 
volume of liquid, Vliq, encapsulated by one wavelength of this instability is: 
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     (2.11) 
As pinch-off is most likely to occur due to this mode, the volume of a droplet, Vdroplet, should be 
equal to some number of wavelengths, n, of this instability i.e.: 
                  (2.12) 
In practice it was found that, n, is dependent on the backing pressure of argon pushing the 
lithium out of the injector. Investigating this dependence, we look at the growth rate of this 
mode. Let the height of a column of liquid, hliq, expelled in one cycle of the growth rate be:  
     
    
 
     (2.13) 
Where, vliq, is the velocity of the column of liquid exiting the orifice. Using the Young-Laplace
42
 
equation for pressure, ΔP, across a capillary surface: 
   
  
 
     (2.14) 
Substituting the equation for ω and (2.6) into (2.5) yields: 
     
    
    √
  
   
 
    (2.15) 
Dividing by, λmax, will yield, n: 
  
    
     √
  
 
     (2.16) 
Thus the volume of a droplet of liquid from the injector is: 
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   (2.17) 
Alternatively, the diameter of a droplet of liquid from the injector is given by: 
             (
      
 
√
  
 
)
 
 
   (2.18) 
It can be seen from (2.18) that the droplet diameter is linearly dependent on the nozzle radius and 
weakly, inversely dependent on the pressure behind the lithium.   
 
 2.2 Design of the Lithium Pellet Producer (LiPP) 
A series of different devices for the injection of lithium through a nozzle have been developed at 
CPMI. The first of these was ELI, which aimed to eject lithium through a nozzle into vacuum, 
and by way of a strong electrostatic field, create an ionized spray. The second was the Lithium 
Pellet Producer, which injected lithium into an oil bath such that the break-up of the lithium jet 
would form small solidified spheres of lithium. The subsequent iteration was the design of a 
lithium injector to inject lithium into a vacuum chamber, similar to ELI without the electrostatic 
field. It is this device that is described in Section 2.5. Finally, the experiments performed at 
UIUC have motivated the creation of a lithium dripper at PPPL that attempts to create the lithium 
spheres made by the pellet producer in vacuum, and to have them solidify before impacting an 
impeller for injection into a fusion plasma. Droplets produced by the electrostatic lithium injector 
were made in vacuum. These droplets suffered from two deficiencies. First, after production, the 
droplets did not cool sufficiently to solidify before impacting the walls of the vacuum chamber. 
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Second, when removed from the vacuum chamber the lithium oxidizes rapidly. In order to 
combat both of these, the droplets were injected into a pool of mineral oil. The mineral oil 
greatly increased the heat transfer from the droplet ensuring rapid cooling of the lithium sphere, 
such that the sphere solidifies before reaching the surface of the mineral oil. The oil also coats 
the outside of the sphere preventing oxidation of the sphere.  
 
The design scheme of the Lithium Pellet Producer is very similar to the design of the 
electrostatic lithium injector, with the exception of several modifications to account for the 
submersion of the nozzle in mineral oil. Figure 2.1 shows a schematic and photo of the injector 
that was developed to produce spheres of a uniform size. The injector consists of three sections; 
the first is a pressure chamber, the second is a ½” heated stainless steel tube and third is the 
nozzle which is also made from stainless steel. The most important section is the nozzle which 
has the orifice that the lithium is forced through. The nozzle is manufactured by machining a 
short cylinder of stainless steel that is the same diameter as the tube. The upper part of the nozzle 
and the inside of the tube are threaded, so that the nozzle may be screwed into the tube. A 
tapered hole was pre-drilled through the center of the nozzle. At the top of the nozzle, the hole is 
as wide as may be machined without compromising the threading, in this case, 5 mm in 
diameter. The hole then tapers down to the desired orifice diameter on the bottom. Several 
nozzles have been manufactured, each one having a different size orifice: R0 = 0.15 mm, 0.5 mm 
and 1.0 mm. The nozzle can be screwed on or off the end of the ½” stainless steel tube to change 
the orifice size as needed.  
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Figure 2.1: LiPP Experimental Schematic and Apparatus Photo 
 
The tube and nozzle are heated with a coil of nichrome wire with an insulating layer of kapton 
tape in between the wire and the tube surface. Since the mineral oil degrades the adhesive 
coating of the Kapton tape, each end of the heater coil was crimped to the previous loop to 
ensure that the coil stayed in place. Due to the increase in heat loss from the submergence of the 
nozzle in mineral oil, a separate coil of nichrome wire was round around the submerged portion 
at higher turn density, and operated at higher current. 
 
As mentioned above, the nozzle is immersed in mineral oil. This serves two purposes; the first is 
that the mineral oil provides a method of cooling the lithium metal spheres as they leave the 
injector. Since lithium has a lower density than that of the mineral oil it will float to the surface 
of the mineral oil. The thermally conductive mineral oil was chosen for the significant increase 
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in heat transfer from the droplet required to solidify the droplet before reaching the surface of the 
mineral oil. The second purpose is that the mineral oil provides a protective coating on the 
lithium spheres to prevent impurity production on the surface. This allowed for transport of the 
lithium spheres which could then be cleaned with acetone under an argon environment at the end 
use facility. 
The method to produce the spheres is described as follows: argon gas is flowed through the 
injector while a rod of lithium fitting the inner diameter of the stainless steel tube is inserted. A 
ball valve is mounted between the tube and a small ballast chamber where the argon gas can be 
pressurized eventually. The tube is closed and current is slowly ramped on the heating coils to 
values of approximately 2 A is applied to the main nichrome coil and approximately 4 A on the 
nozzle heating coil. The temperature is monitored via the three type K thermocouples mounted 
on the injector. While the lithium is heated up to its melting temperature of T = 181 
o
C, argon gas 
is continually flowed. Flow of the gas is monitored by observing bubbles of argon exiting the 
nozzle and floating to the surface of the mineral oil. Once the lithium melts, it conforms to the 
shape of the tube, sealing it, and preventing the argon from flowing. The ball valve between the 
ballast chamber and injector tube is closed to allow pressure to build in the ballast chamber to the 
desired pressure which is monitored with a pressure gauge. The lithium is allowed to further heat 
to T = 220 
o
C, ensuring that the whole volume of lithium is melted. The valve is then opened and 
the pressure in the ballast chamber forces the liquid lithium to exit as a jet, shown in Figure 2.2. 
This jet then breaks into droplets or “pinches-off” due to the Plateau-Rayleigh instability seen in 
Figure 2.2.  
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Figure 2.2: The LiPP process for producing spherical lithium pellets. a) Argon gas is slowly run through the injector while the 
lithium melts. b) Once melted, the lithium does not allow the argon to flow. c) Once this happens, the ball valve is shut, 
pressure increased, and the temperature increased to well above the melting point, the valve is opened and the high 
pressure pushes the liquid lithium and produces a jet that quickly breaks up into spheres via the Plateau-Rayleigh instability. 
d) The spherical pellets rise up through the mineral oil since their density is lower than the surrounding fluid 
 
2.3 Solidification of Droplets 
The lithium droplets that form from the nozzle are injected into mineral oil. As the droplets exit, 
the lithium, which is less dense than the surrounding fluid, floats to the top. Early experimental 
observations noticed deformations of the droplets produced. These tests had been produced in the 
absence of a ballast chamber, and therefore pressure had slowly built behind the lithium, 
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resulting in large droplets at low backing pressure, and droplets of decreasing diameter as 
pressure increased. The inconsistency of droplet size was solved by inclusion of the ballast 
chamber. However, it was noticed that the large droplets produced early in each production cycle 
deformed upon impact with the surface. At this point, it was hypothesized that the deformation 
was due to the droplet not fully solidifying before impact with the surface because these droplets 
would often partially merge to form clusters of interconnected droplets. This hypothesis was 
confirmed by submerging the nozzle deeper in the mineral oil, which resulted in larger droplets 
not deforming upon impact with the surface. In order to gain an understanding of how deep the 
nozzle must be submerged within the oil, an approximation of the time for an individual droplet 
to freeze into a lithium sphere was developed.  
 
For this approximation, there are several assumptions. First, that the droplet after pinch-off is 
very near to its melting point, such that the energy lost to the surroundings is merely the heat of 
fusion. Second, the fluid outside of the droplet is in thermodynamic equilibrium so that the 
temperature field surrounding the droplet is constant in time. Next, it is assumed that the fluid 
used is very thermally conductive, such that the dominant heat transfer process in the fluid in the 
vicinity of a droplet is conduction. Finally, it is assumed that the droplet reaches terminal 
velocity immediately after entering the fluid. The amount of time that the droplet has to freeze 
before impacting the surface is given by the submergence depth divided by the velocity of the 
lithium droplet, therefore the minimum submergence depth for a given droplet size should be 
given by the product of the minimum time for the droplet to freeze and the velocity of the sphere 
in the oil. Balancing buoyant and drag forces gives the velocity of the droplet results in: 
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(              )         
 
 
       
       (2.19)  
Where ρ is the sphere and fluid density as labeled, g is gravitational acceleration, Vsphere is the 
sphere volume, v the sphere velocity, Cd the drag coefficient, and A the sphere cross sectional 
area. This can be rearranged for the velocity of the lithium sphere in the fluid. Since the flow of 
the lithium spheres in the mineral oil is on the order of a few centimeters per second, a quick 
examination of the Reynolds number yields numbers which are laminar, but which lay beyond 
the regime of Stokes drag. A correlation
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 which extends Stokes drag out to the laminar/turbulent 
boundary was used to approximate the drag on the spheres. The approximation is given by: 
   
  
  
                  (2.20)  
Insertion of 2.20 into equation 2.19 results in the following transcendental equation, which must 
be solved numerically for the velocity of a lithium sphere: 
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  (2.21) 
The time for a droplet to freeze is given by balancing the heat flux out of the droplet, given by 
conduction, with the heat of fusion of the lithium: 
        
           
 
                
     (2.22) 
Where hf is the heat of fusion of the droplet, kfluid is the thermal conductivity of the fluid, Rs is the 
sphere radius, Tm the droplet melting temperature, Tb the bulk fluid temperature. This yields the 
minimum depth to which the injector should be submerged as the product of the freeze time and 
the velocity of the sphere in the mineral oil:  
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                       (2.23) 
A MATLAB program was written to solve the above equations whose text can be found in 
Appendix A.1. A plot of the terminal velocity of the lithium spheres predicted using Eq. 2.21 in 
the mineral oil vs velocity measurements from a fast frame camera can be seen in Figure 2.3. A  
 
Figure 2.3: Terminal Velocity of Droplets in Multi-Therm PG-1 vs Radius 
 
Miro eX4 fast frame camera was used to record videos of the Lithium Pellet Producer; four 
frames of one of these comprise Figure 2.2. The velocity of the particles was measured from a 
least squares regression of the position data (marked by the fill lines on the beaker) and the time 
data (as drawn from the time stamp on each frame).  Equation 2.23 was then used to predict the 
minimum depth required to submerge the injector to prevent deformation of droplets impacting 
the liquid surface. However, 2.23 in its above form grossly overpredicted the minimum observed 
depths. It had been previously noted that the drop may not need be fully solidified, but merely 
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have a shell of solidified lithium around a liquid core. The volume of solidified liquid used for 
the calculation of the freeze time in 2.2 was adapted to account for the freezing of a several 
micron shell of lithium. This modification was then used in tandem with 2.23 to generate Figure 
2.4. The minimum injector depth for no deformation vs droplet radius is plotted for three 
different thicknesses of solidified shell. Also plotted are the two different injector depths used 
(horizontal lines), and the maximum droplet size that was observed to impact the surface without 
deformation. These lines indicate that an approximately 50 μm thick shell must form on the 
surface of the droplet to prevent deformation, as the 50 μm line is very nearly predicts the 
maximum droplet size for a given submergence depth. A table of the quantities used in the above 
calculation can be found in Table 2.1.  
 
Figure 2.4: Minimum Submergence Depth of LiPP for No Deformation 
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kfluid μ ρLithium ρFluid hFusion 
0.130 W/mK 
(MultiTherm PG-1 @ 100oC) 
2.65 cP 
(MultiTherm PG-1 @ 100oC) 
512 kg/m
3
 874.7 kg/m
3
 4.32e5 J/kg 
Table 2.1: Parameters Used in Droplet Solidification Theory 
 
2.4 LiPP Results 
2.4.1 Size Distribution 
Verification of the above theory and testing of the injector tube was performed under the fume 
hood at CPMI to limit exposure of the experimenters to fumes from the mineral oil. The first 
series of experiments formed were to validate the theory on the size of droplets produced. The 
nozzle used for the first of these experiments had an orifice of R = 0.15 mm in radius and the 
pressure difference was maintained at ΔP = 5 Torr. Using 2.18, the predicted droplet diameter is 
1.04 mm. After the oil had cooled, the oil with the solidified lithium spheres floating in it was 
poured through a series of meshes serving as filters of decreasing size to determine the size 
distribution of the lithium pellets. Meshes with inter-wire spacing 2.03 mm, 1.56 mm, 1.372 mm, 
1.194 mm, and 0.914 mm were used to bin the lithium spheres into different diameter groups 
rather than measuring each sphere individually. Lithium spheres of sufficiently large diameter 
would be strained out of the oil flow by each successive mesh. Only lithium pellets of less than 
0.914 mm would pass through all of the meshes. The number of spheres on each mesh grid was 
counted and recorded. The lower end of each bin is the wire mesh that the sphere was found on, 
and the upper end is the final mesh that it was able to pass through. The results of this method of 
measurement are shown for a single sphere production run in Figure 2.5.  
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Figure 2.5: Distribution of Size of Pellets from LiPP Operating with the 0.15 mm Nozzle, Total Number of Pellets was 298. 
 
As can be seen from this Figure, over 80% of the pellets fall within a sphere diameter 0.91 < D < 
1.37 mm, with an approximate average diameter of D = 1.14 mm which agrees with equation 
2.18 for the conditions used.  
 
Figure 2.6: Lithium Pellets Produced by 0.15mm Nozzle (Post Production Floating in Multi-Therm PG-1 Mineral Oil) 
 
A set of spheres produced with the 0.15mm nozzle can be seen in Figure 2.6. The lithium spheres 
that have floated to the top of the oil can be seen to have been protected from strong oxidation of 
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the lithium in air, and have no apparent deformations indicating solidification before impact with 
the surface.  
 
Further tests replaced the 0.15 mm nozzle with a nozzle of 0.5 mm in radius to confirm the 
dependence of lithium sphere diameter on nozzle radius. The mean diameter of the spheres 
produced by the 0.5 mm nozzle was approximately 3.1 mm in size, also in agreement with 
theory. Experiments were attempted to confirm the relationship between sphere size and backing 
pressure, however, equipment constraints limited both accurate pressure control and pressure 
measurement. However, experiments were performed at PPPL to investigate the suitability for 
such a device for lithium injection for use with the granular injector also developed at PPPL for 
ELM pacing. These experiments verified the pressure dependence predicted by equation 2.18. 
The setup for these tests consisted of a heated pool of Wood’s metal ejected through a 0.15 mm 
radius nozzle into vacuum by a backing pressure of argon. Wood’s metal was used because its 
surface tension is comparable to that of lithium, and therefore should form spheres by the same 
mechanism that led to the derivation of equation 2.18. Two fast frame cameras tracked the 
formation of the spheres and images taken from the videos produced were used to measure the 
droplet diameter. The velocity of the lithium upon exiting the nozzle was also recovered from the 
fast frame cameras by regression of the position and time data from the still frames. The results 
of both the UIUC and PPPL tests are plotted in Figure 2.7. The diameter of the droplets produced 
is plotted against the parameter (
      
 
√
  
 
)
 
 
 for data comparison. As can be seen from the graph, 
the experimental points fit along a line with the slope 2.603, as predicted
44
 by 2.18. 
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Figure 2.7: Sphere Diameter vs (vliqRo3/(P/ρ)1/2)1/3, Theoretical and Experimental Sphere Diameters as a Function of 
Nozzle Size and Argon Pressure 
 
2.4.2 Sphere Quality 
To ensure the quality of the spheres, two parameters were checked in a number of spheres. The 
first parameter was voids inside the sphere. Several larger spheres were sectioned and 
photographed. As can be seen from the photograph in figure 2.8, there are no voids in the sample 
spheres. The second parameter monitored was deformation of the spheres. Deformation was 
observed for droplets that were still molten when impacting the surface which led to the 
development of the theory for droplet solidification in section 2.3. Pictures of deformed spheres 
are shown in Figure 2.9. Per the theory of section 2.3, to combat such deformations, droplets 
were produced at a greater depth within the oil to ensure that they had more time to solidify 
before reaching the surface, leading to the formation of spheres with no voids that were not 
deformed upon impact with the air-oil interface. 
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Figure 2.8: Sectioned Lithium Spheres (No Visible Voids) 
 
Figure 2.9: Deformed Lithium Spheres 
 
 2.5 Extension to the Lithium Injector 
The LiPP device now pursues two different paths of development. The first forms the basis for 
the PPPL lithium dripper that will feed the granule injector on NSTX. The device tested at PPPL 
with Wood’s metal is being extended to operation with lithium, and is undergoing upgrades to 
more finely tune frequency of the ejected droplets. The second branch of development has been 
lithium injection technology used to both fill the LiMIT device for testing, as well as to deposit 
controlled amounts of lithium onto substrates for material compatibility testing, contact angle 
measurements, and mixing of lithium tin alloys. The lithium injector used at UIUC relies on the 
surface tension of lithium to push impurities to the outside of the injector bore and eject pure 
lithium. It had previously been thought that the hydride, hydroxide, and oxide impurities in the 
lithium merely floated to the top, and therefore, only pure lithium was available at the injector 
nozzle to be ejected. However, the densities of each of these impurities are much greater than the 
density of lithium and therefore should not float in lithium. Experimentally, impurities have been 
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seen “floating” on the top of lithium droplets deposited on a surface. It is hypothesized that this 
is due to the large surface tension expelling the impurities to the surface, and the top of the 
lithium is the location where the impurities sit to achieve a minimum energy state. Likewise at 
the injector nozzle, only pure lithium is available for ejection. This effect is used in tandem with 
the control over ejection imparted by argon backing pressure to place controlled amounts of 
lithium on various substrates. A two valve system is used on the lithium injector to regulate 
pressure behind the lithium. One valve leads to the argon tank, the other to the vacuum chamber. 
Opening the valve to the argon tank applies pressure behind the lithium to initiate lithium flow. 
Closing this valve and opening the valve to the vacuum chamber equilibrates the pressure 
differential and stops the flow of lithium. A schematic of the lithium injector can be seen in 
Figure 2.10. Dimensions are listed, but are variable based on the needs of the user. 
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Figure 2.10: Schematic of Lithium Injector Developed in this Work, Nozzle Diameter and Tube Diameter are Variable in Size, 
Length of Tube is also Variable to Based on Size of Lithium Reservoir Required 
 
 
 
½” Diameter Tube 
.5 mm Nozzle Shown 
¼” Tubes To Ar Tank and Main 
Chamber 
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CHAPTER 3: WETTING PROPERTIES OF LITHIUM ON VARIOUS SURFACES 
 
At 405 mN/m, the surface tension of lithium is about 5.5 times that of water
45
. Such a high 
surface tension can have strong effects, especially at the millimeter size scale. Capillary forces 
due to the combination of large surface tension over small radii of curvature can radically affect 
the behavior of fluids. Capillary pressure, given by the Young-Laplace equation was utilized to 
relate the pressure across the lithium-oil/lithium-vacuum surface in Chapter 2, specifically in 2.6. 
The large surface tension of lithium is what necessitates pressure to drive lithium out of the 
lithium injector and pellet producer. Surface tension is also proposed as a mechanism to retain 
lithium within the trenches of the LiMIT device under tokamak disruption events. The large eddy 
currents induced by a disruption event were seen to eject lithium droplets into the plasma edge 
from the DIMES probe during a disruption on the DIII-D tokamak in San Diego
46
. Capillary 
force however, is dependent not only on the surface tension, but the radius of curvature of the 
fluid. A flat surface has an infinite radius of curvature, which implies a zero pressure differential 
across the surface from 2.6.  
 
Figure 3.1: Capillary Pressure Raising and Lowering Fluid Level 
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As the radius of curvature decreases, the capillary force increases. At small length scales, the 
radius of curvature is heavily influenced by the wetting of the fluid on the walls of its container. 
The typical case is the insertion of small tubes into a pool of fluid. If the fluid wets the tubes, it 
will be drawn up, into the tube. If it does not wet the tube, the fluid inside the tube will be 
depressed relative to the bulk fluid. This phenomenon is illustrated in Figure 3.1.  Therefore, due 
to the large surface tension of lithium, it is important to investigate the wetting of lithium on a 
variety of potential solid surfaces on which lithium may be present in a fusion device. One 
important measure of merit in the quantification of wetting is the contact angle between a droplet 
of lithium and the surface in question. A contact angle of less than 90
o
 can be seen in case A in 
Figure 3.1;  a contact angle of exactly 90
o
 in case B, and a contact angle greater than 90
o
 in case 
C. In order to determine the wetting of lithium on a variety of fusion relevant materials, the 
contact angle was measured. Methods to improve the wettability, i.e. to decrease the contact 
angle, were also examined.  
 
 3.1 Previous Experiments and Theoretical Basis 
A review of literature in the area of the wetting of liquid lithium on various fusion relevant 
substrates returns several important tests. Wicking of lithium on laser textured 316 SS and 
TZM
36
, the wetting speed of liquid lithium on stainless steel
47
, and the uptake of lithium in 
porous molybdenum
48
 have all been quantified. However, these tests were either performed at 
temperatures too large to be relevant due to the strong evaporation of lithium above 400 
o
C in 
vacuum, or did not provide sufficient data on the wetting characteristics of lithium on the surface 
in question.  
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The contact angle of a fluid on a surface is given by a balancing of surface energies, more 
specifically, a force balance at the edge of the droplet at the interface between the solid substrate 
and the liquid. This balance of surface tension is summarized in Young’s Equation49, and is 
depicted pictorially in Figure 3.2: 
                     (3.1) 
 Where γ is the interfacial energy of the solid-vapor, solid-liquid, and liquid-vapor interfaces, and 
θ is the contact angle of the droplet on the surface. Equation 3.1 does not, however, account for 
surface roughness. A more complete treatment was attempted by Cassie and Baxter
50
. Cassie-
Baxter states describe a situation where surface roughness of a solid and non-wetting of a liquid 
causes the apparent macroscopic contact angle to be larger than the true contact angle. A diagram 
of a Cassie-Baxter state is in Figure 3.3. Cassie-Baxter states are described mathematically by 
the equation: 
                         (3.2) 
Where rf is the roughness ratio of the wetted surface, and f is the ratio of wet surface area to total 
available surface area.  
 
Figure 3.2: Contact Angle Diagram 
 
Figure 3.3: Cassie-Baxter Apparent Contact Angle Diagram 
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This is a generalization of Wenzel wetting which describes the wetting of droplets on rough 
surfaces, and causes the apparent contact angle to appear greater than the true contact angle if the 
droplet does not wet and smaller than the true contact angle if the droplet does wet. Wenzel 
wetting is described by the following equation: 
                    (3.3) 
The Cassie-Baxter equation coupled with Young’s equation gives an accurate treatment of 
wetting on rough surfaces when treated with the correct expressions for the different interfacial 
energies. A variety of expressions exist for the various surface energies as a function of 
temperature, however, one of the more enduring expressions is the Guggenheim-Katayama 
relation
51
: 
    (  
 
     
)
 
     (3.4) 
Where γo is the surface energy at zero degrees, and Tcrit is the critical energy at which the surface 
energy goes to zero, and n is an  empirical parameter normally between 0.9 and 1.1, and will be 
taken in this work to be 1. Expressions for the solid-vacuum, and liquid-vacuum interfaces were 
obtained from fits to literature data. Hodkin
52
 gives values for the interfacial energy between 
tungsten, tantalum, molybdenum and vacuum. Like values for stainless steel were drawn from 
Ahmad et. al
53
. Regression fits to this data yielded the values for the Guggenheim-Katayama 
relation for these interfacial energies. Alchagirov et. al. give the surface tension of lithium near 
its melting point
45
, and the boiling temperature of lithium was taken as the critical temperature, 
as this is the point at which the liquid-vacuum interfacial energy drops to zero.  
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Taking n=1 in the Guggenheim-Katayama relation and rearranging 3.1 for the contact angle 
yields: 
       (
    (  
 
       
)     (  
 
       
)
    (  
 
       
)
)   (3.5) 
Upon first inspection, Equation 3.5 should be sufficient to predict the contact angle over a wide 
range of temperatures, if an expression could be found for the critical temperature and solid-
liquid interfacial temperature at any temperature. However, these values are typically drawn 
from tests like the ones performed here. TcritSL and γSL0 are therefore taken as free parameters set 
by the wetting temperature and the slope of the contact angle with temperature below the wetting 
temperature. Equation 3.5, coupled with a Cassie-Baxter state for the non-wetting droplets, and a 
Wenzel state for the wetting droplets was used to determine the values for TcritSL and γSL0 for the 
stainless steel, molybdenum, and tungsten interfacial energies with lithium. The wetting 
temperature is given by the value where γSL= γSV. Setting the two equal at the wetting 
temperature and solving for γSL0 yields the following equation: 
         
(  
    
       
)
  
    
       
     (3.6) 
And fitting to the rest of the experimental curve may be performed by varying TcritSL. 
Experimental fits to TcritSL and γSL0 as well as the values employed for the Guggenheim-
Katayama relations used here are detailed in Table 3.1. A code was written to perform this fit, 
and its text is detailed in Appendix A.1. 
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 γSV0 TCrit,SV Twet Tref f r 
Stainless 
Steel 
4450 2225 310 1350 .9 1.2 
Molybdenum 
(Green) 
6280 2227 320 1600 .6 1.2 
Molybdenum 
(Red) 
6280 2227 180 1600 .6 1.2 
Tungsten 6280 2730 340 2000 .5 1.6 
Table 3.1: Parameters Used in the Contact Angle Equations Described in Section 3.1 
  
3.2 Experimental Setup: 
To properly investigate the wetting properties of liquid lithium, it is important that the lithium 
surface be as clean as possible. Due to the highly reactive nature of lithium with both oxygen and 
water vapor, the tests were conducted in vacuum to minimize the oxidation rate. Tests were 
performed quickly at a base pressure of 3e-6 Torr, with the main impurities found to be water 
vapor, nitrogen, and oxygen when measured with a residual gas analyzer. The lithium injector 
described in the previous section used to deposit droplets of lithium onto the material to be 
tested. Use of the injector proved invaluable, as clean droplets of lithium, devoid of any visible 
impurities initially, could be placed at will. Oxidation of the droplets however, even at low base 
pressure and using the lithium injector was found to have a significant effect on the tests. 
Oxidation of the lithium was found, qualitatively, to depend on several factors. First, and most 
obviously, the base pressure. The lower the initial base pressure, the slower the oxidation rate. 
The oxidation rate also seemed dependent on the quality of the lithium put in the injector as well. 
Lithium is initially shaped for loading within an argon glove box, and if the lithium was strongly 
oxidized upon visual inspection in the glove box, the lithium oxidized more quickly in the 
chamber than did the lithium that was cleaner upon shaping. It is the hypothesis of the author that 
during the forming process very small particles of lithium oxide/hydroxide/hydride were mixed 
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into the bulk lithium, and were small enough to exit the injector with the lithium. These particles 
then provided nucleation sites for further oxidation of lithium. The final factor that the oxidation 
appeared to depend on was the cleaning process performed on the substrate. Lithium that was 
deposited on chemically cleaned, polished, and argon cleaned surfaces oxidized at a slower rate 
than untreated surfaces. This is thought to be due to surface contaminants present on the 
substrate, which again give rise to nucleation sites for more rapid oxidation of the lithium 
surface. The effect of lithium oxidation on the contact angle will be discussed in more depth 
later. 
 
To perform the contact angle tests, lithium droplets were injected via the lithium injector onto the 
material to be tested. The substrate material to be investigated is placed on a moveable stainless 
steel stage, actuated by a stainless steel rod welded to the stage which passes through an Ultra-
Torr vacuum feedthrough. The temperature of the stage is variable and, in early experiments, 
was adjusted via a plate heater situated below the stage. Upgrades to the system replaced the 
plate heater with two Watlow mineral insulated stainless steel strip heaters affixed to the back of 
the plate heater with two sets of stainless steel clamps, one on each end. A photo and schematic 
of the experimental setup with the plate heater installed can be seen in Figure 3.4. Temperatures 
on both the substrate and injector tube were monitored via type-K thermocouples. Power to each 
of the heaters was provided via a Variac variable A/C transformer. Temperature control was 
manual, with feedback monitored by the temperature change on the thermocouples. To determine 
contact angle, the sessile drop test is performed. The procedure utilized was to place a drop, 
record images of the droplet, and heat the sample while taking still frames at various 
temperatures. Pictures were taken with a Cannon PowerShot SD 1300 camera mounted on a 
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tripod to ensure stability of the camera. An anodized aluminum bar provided contrast to the 
lithium and is used as a backstop to make characterization of the contact angle simpler.  
  
Figure 3.4: Experimental Apparatus Photo (Above Left) and Schematic (Above Right) and Injector Photo to Illustrate Size 
(Below,  Major Ruler Scale is in Tenths of Inches) 
 
 
Figure 3.5: Experimental Procedure 
 
½” Diameter  
Stainless Steel Tube 
¼ ” Thick Plate 
½” Tube 
¼” Thick 
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Though the oxidation rate is suppressed by the vacuum, it is still significant at the temperatures 
investigated. To combat this, at set intervals, the stage was moved and a new droplet was placed 
to ensure that the surface of the lithium would be fresh. A diagram of this process is shown in 
Figure 3.5. The still frames were then analyzed to determine the contact angle. This was done via 
a MATLAB program which employed MATLAB’s image processing toolbox. The text of this 
program may be found in Appendix A.1 MATLAB code. Use of this method requires the user to 
place the lines bounding the contact angle at the edge of the droplet, which introduced an error to 
the experimental data of ±4
o
 as determined by repeated analysis of the same photo.  
 
For the purpose of this thesis, and matched in other descriptions of contact angle, lithium was 
defined to wet if the contact angle was less than 90
o
, and to not wet if the contact angle was 
greater than 90
o
, with critical wetting defined to occur at 90
o
. In the experiments performed, 
lithium was found to exhibit two different regimes, one at lower temperatures at which the 
lithium did not wet the surface, and another at elevated temperatures during which the lithium 
did wet the surface. A sharp crossover was found to occur between the two regimes of 
lithiophobicity and lithiophilicity at some critical temperature. This transition temperature is 
referred to in this work as the wetting temperature of the material/material and surface treatment. 
 
3.3 Stainless Steel Results 
The first material analyzed was stainless steel. Several runs of the experiment were performed on 
bare stainless steel to confirm the reproducibility of the data as well as to ascertain the wetting 
temperature. For each of these runs, the surface was washed of previous lithium in a water bath, 
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sprayed with compressed air to remove water from the surface. It was then hand polished with 
150, 400 and 1500 grit sandpaper. Subsequently, it was cleaned with both isopropyl alcohol and 
acetone. The sample was then loaded into the vacuum chamber and baked at 200 
o
C for 
approximately 15 minutes before placing lithium droplets. The results of these tests with bare 
stainless steel are tabulated in Figure 3.6. It can be seen in this figure that the different runs agree  
 
Figure 3.6: Contact Angle of Lithium on Untreated Stainless Steel 
well, except in the region around the wetting temperature. It is hypothesized that this is due to 
the oxidation of the lithium. Once the surface of the droplet oxidizes to a certain extent, the 
contact angle does no longer changes with temperature, as though the contact angle were ‘locked 
in’ at specific temperature due to oxidation. This ensures that wetting occurs almost exclusively 
when a new droplet is placed on the sample. The variety in the measured wetting temperatures is 
due to a droplet being placed, the contact angle ‘locking in’, and wetting not occurring until the 
next droplet is placed. In order to zero in on the wetting temperature, the final run placed many 
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droplets on the stainless steel plate in a narrow temperature range. This resulted in a measured 
wetting temperature of 315±1 
o
C. Several different methods were then implemented in an 
attempt to reduce this wetting temperature.  
 
The first of these methods was the application of a thin (~1 μm) layer of diamond-like 
carbon to the surface of the stainless steel substrate. Application of the diamond like carbon layer 
was performed by magnetron sputtering in the Sputtering High-Purity Atomic Deposition 
Experiment (SHADE)
54
 and High Power Pulsed Magnetron Sputtering Experiment (HPPMS)
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Figure 3.7: Lithium Contact Angle on DLC Coated SS detailing increase of contact angle due to application of DLC layer 
 
experiments at CPMI. It was thought that since Li intercalates into carbon, that application of 
such a layer would decrease the wetting temperature. It was found, however, that this is not 
actually the case, as can be seen in Figure 3.7. For the temperatures tested, the lithium did not 
44 
 
wet the DLC coated stainless steel. Rather, the lithium eroded the DLC layer and the eroded 
carbon contributed to an impurity layer on the surface of the lithium. The erosion of DLC from 
the surface of the stainless steel can be seen in Figure 3.8. The DLC in this photo is the darker 
sections, forming a rainbow pattern from varying thickness of deposition. The reflective spot is 
the bare stainless steel that was uncovered by the lithium droplet. In each of the DLC tests 
performed, a similar spot was uncovered, and the eroded carbon appeared to form impurities on 
the surface of the lithium droplet. These can be seen in Figure 3.9. The additional impurities in 
the lithium appear to increase the contact angle of the lithium on the stainless steel, consistent 
with the observations of other investigations that involved wetting of lithium on stainless steel.  
 
Figure 3.8: Photo of SS Coated with DLC After Single Drop Contact Angle Test. Grey Spot is where Lithium was Dropped 
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Figure 3.9: Carbon Impurities Seen on the Surface of a Lithium Droplet Placed on DLC Coated SS 
 
 
The next surface treatment experimented with was Ar glow discharge cleaning. A CCP DC glow 
discharge driven with a Kepco 2 kV, 100 mA power supply struck between a high voltage 
electrode mounted on a Pyrex rod fed through an Ultra-Torr feedthrough and the substrate, and 
employing the substrate as the cathode was used to clean the surface prior to deposition of the 
lithium. To employ the substrate as the cathode, it was necessary to bias the HV electrode 
positively and regulate the pressure and distance between the two electrodes such that the 
majority of the current through the discharge was drawn to the substrate. A 50 mA, 250 V 
discharge at approximately 200 mTorr was applied to the sample before injecting droplets of 
lithium. The first of these tests on stainless steel employed Ar cleaning for a period of 10 minutes 
which resulted in a reduction of the wetting temperature by 7±2 
o
C, and the second experiment 
¼ ” Thick Plate 
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cleaned for 30 minutes and resulted in a reduction of the wetting temperature by 18±2 
o
C. The 
results are tabulated in Figure 3.10. It is hypothesized that this reduction in wetting temperature  
 
Figure 3.10: Effect of Ar Plasma Cleaning on Stainless Steel 
 
is also due to modification of the impurities in the stainless steel. Argon plasma cleaning would 
help to liberate oxygen and water vapor from the surface, resulting in less formation of 
impurities upon impact of the lithium with the stainless steel. In contrast with the case of the 
DLC coating, the reduction in surface impurities may be responsible for the decrease in wetting 
temperature observed for the case with argon plasma cleaning, suggesting that there may have 
been significant amounts of oxygen and water vapor in the stainless steel surface in the untreated 
case. 
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The final treatment option explored was coating the surface with a thin layer of evaporated 
lithium before injecting the lithium droplet. Previous experiments had noticed qualitatively that 
an evaporated layer of lithium facilitates wetting of various substrates, and so a more quantitative 
analysis was sought. To coat the surface with a layer of evaporated lithium, the moveable stage is 
translated to one side of the chamber and rotated 90
o
. A boron nitride crucible, heated with a 
winding of nichrome wire and containing lithium, is heated to temperatures well in excess of 400 
o
C. Evaporation is allowed to occur for a time, after which the crucible heater is turned off, and 
the stage returned to its original position beneath the injector. Calibration of the evaporation rate 
was performed with profilometry. Assuming that the evaporation rate is constant in time, lithium 
was deposited on a masked sample of tungsten for 10 minutes. A profilometer was used to 
characterize both the surface roughness and thickness of the film. The large inherent surface 
roughness of the tungsten complicated measurement of the film thickness, however, 
measurement characterized the film thickness to be 10±2 μm.  
 
The original procedure was to coat the surface of the substrate prior to heating the substrate and 
the injector. This induced failure of early attempts because the evaporated lithium oxidized 
before the injector heated up. It was learned by this that lithium does not wet lithium oxide, 
however, this did not aid the attempt to reduce the wetting temperature. In fact, the lithium oxide 
was so lithiophobic that lithium droplets placed on the surface rolled right off, analogous to the 
super-hydrophobicity exhibited by lotus leaves with water. This observation may be of use in the 
design of lithium loops or future lithium injection technology where the exit of lithium from a 
channel is an extremely adverse event. Coating of joints and weak points with a layer of lithium 
oxide may ensure that lithium does not leak through the seal. However, this effect is not 
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favorable when trying to improve the wetting of lithium on various surfaces. The issue of 
oxidation of the lithium coating was solved by heating the injector and sample before 
evaporating lithium onto the sample. In this manner, the dwell time of the lithium coating in the  
 
Figure 3.11: Effect of Lithium Evaporation Treatment 
 
chamber between evaporation and placement of lithium drops was significantly reduced, 
hampering oxidation of the lithium layer. Two tests were performed on the stainless steel sample. 
The results of two tests are detailed in Figure 3.11. One of the tests evaporated lithium for 3 
minutes and another for 5 minutes onto the sample. These correspond to thicknesses of 
approximately 3 μm and 5 μm respectively. The test for 3 minutes of lithium evaporation 
resulted in a negligible difference from the untreated case, while the evaporation for 5 minutes 
resulted in a reduction of the wetting temperature by 77±2 
o
C. It is hypothesized that the 3 
minute test did not depart from the untreated data because the evaporated layer had partially 
oxidized between the evaporation and the injection of the first lithium droplet as the method for 
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reducing dwell time had not yet been perfected for this test. The dwell time for this test is 
estimated at about 15 minutes. The 5 minute evaporation test utilized an even shorter time (on 
the order of 1 minute) between evaporation and lithium injection, resulting in a marked decrease 
in the wetting temperature of the stainless steel.  
 
The final test performed on stainless steel was a cooldown test. All of the previous tests had been 
conducted by placing droplets and heating the sample. These tests, as mentioned earlier, seemed 
as though the contact angle “locked in” at the temperature at which each droplet was placed, 
which was hypothesized to be in part an effect of partial oxidation. Instead of heating, the reverse 
test of cooldown was tried to determine whether a single droplet of lithium would unwet the 
surface, i.e. to transition from wetting the surface to not wetting merely by cooling the sample. A 
single large droplet was placed on the stainless steel at 380 
o
C, and allowed to cool. The contact 
angle did not change while the drop cooled down, and the drop remained wet even as the sample 
passed below the wetting temperature. The surface of the droplet remained very reflective for the 
duration of the test indicating that while some oxidation might have occurred; significant 
oxidation had not taken place. A new droplet was placed at 272 
o
C  to check that the wetting 
transition had been crossed and that the original droplet had maintained its contact angle even 
through the wetting threshold. This new droplet did not wet the surface, ensuring that the 
stainless steel had definitely changed from the wetting region to the non-wetting region. The 
results of this test are summarized in Figure 3.12. The observed “hysteresis” is due to “locking 
in” of the contact angle. The new droplet placed at 272oC shows this in part. The purpose of the 
cooldown test was to confirm that “locking in” occurred during heat up and cool down such that 
if we heated a surface, wet it with lithium and cooled it down that it would not unwet the surface. 
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Figure 3.12: Cooldown Test of Lithium on Stainless Steel 
 
The wetting characteristics of stainless steel measured here were then compared to the contact 
angle predicted by the method described in Section 3.1. The comparison between experimental 
data and a fit of the form described by equation 3.5 with a Cassie-Baxter state for the non-
wetting regime and a Wenzel state for the wetting regime is shown in Figure 3.13. Agreement is 
good between the two data sets, with deviation proposed to be due to the “locking in” of contact 
angle discussed earlier.  
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Figure 3.13: Measured Contact Angle and Fitted Curve 
 
 3.4 Molybdenum and Tungsten Results. 
 Tungsten and molybdenum were investigated alongside stainless steel. For each, the 
wetting properties of the untreated case as well as the effect of argon plasma cleaning on 
tungsten and molybdenum and lithium evaporation on tungsten are detailed here. For untreated 
molybdenum, the wetting temperature was found to be 324±1 
o
C. Argon plasma cleaning for a 
period of 30 minutes yielded a reduction of 19±2 
o
C in the wetting temperature. The comparison 
between these two cases is detailed in Figure 3.14. The molybdenum sample used was a block 
with a series of LiMIT style trenches cut into it. The block was tested on both sides, the flat back, 
and the top of the trenches. The contact angle for both sides local to the surface was found to be 
identical, within experimental error, as expected. However, macroscopically, the lithium on the 
top surface of the trenches exhibits an enhanced Cassie-Baxter state when not wetting. The 
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change in apparent contact angle vs true contact angle for the molybdenum trenches can be seen 
in Figure 3.15. For the molybdenum block, the roughness ratio of the wet surface area is very 
close to one as the surface roughness is small, but due to the trenches, the ratio of wet surface 
area to total projected surface area is approximately 0.5. A comparison was made between the 
theoretically predicted Cassie-Baxter angle and the observed apparent contact angle at 270 
o
C. 
The contact angle local to the surface at this temperature was 115
o
, yielding an apparent contact 
angle of 135
o
 which agrees with the experimentally measured macroscopic contact angle of 132
o
 
to within experimental error. 
 
Figure 3.14: Effect of Argon Plasma Cleaning on Molybdenum 
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Figure 3.15: Apparent Contact Angle vs True Contact Angle (Cassie-Baxter State) 
 
 
For tungsten, both regular and dendritic tungsten were experimented on, however, there was no 
appreciable difference between the two; the wetting temperature for each was 349±1 
o
C. This is 
contrary to conventional wisdom, which claims that lithium will not wet tungsten even at large 
temperatures. This behavior was observed at low temperatures, where the contact angle was very 
large, significantly greater than that of stainless steel, and approaching the regime of super-
lithiophobicity (contact angle >150
o
). However, lithium did wet the tungsten well above 349
o
C. 
Argon plasma cleaning, again for a period of 30 minutes was employed on the tungsten, resulting 
in a reduction of the wetting temperature by 12±2 
o
C. Lithium evaporation tests were also run. 
Methods for reduction of the dwell time between evaporation and lithium deposition had been 
refined at this point, and the dwell time was of order 1 minute. Such a low dwell time with 
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evaporation of lithium resulted in a reduction of the wetting temperature by 169±2 
o
C. The 
results of these two tests are shown in Figures 3.16.  
 
The method used to predict contact angle was also applied to molybdenum and tungsten resulting 
in the plots shown in Figures 3.17 and 3.18 respectively. The tungsten data, like the stainless 
steel data shows decent agreement with the predicted contact angle. However, the molybdenum 
data, while displaying good agreement below the wetting temperature, does not agree with the 
predicted contact angle above the wetting temperature. This discrepancy, along with the results 
from a piece of molybdenum foil had also been tested in addition to the molybdenum block, with 
the results shown as blue diamonds in Figure 3.17, hint at the effect of additional mechanisms 
beyond the theory presented in Section 3.1. It is the hypothesis of the author that the wetting 
discrepancy between the results from the molybdenum foil and the block as well as the deviation 
of the block data from the theoretical curve is due to differing purities of molybdenum, with the 
foil being the more pure sample. The foil purity was 99.95%, and the molybdenum block is of 
unknown purity. It is further hypothesized that the wetting temperature of pure molybdenum is 
much less than the proposed 324 
o
C, and the observed wetting temperature was artificially 
inflated due to the presence of impurities in the surface, which would explain the wetting 
characteristics observed. The data points for the foil agree with the proposed “true” wetting 
curve for lithium on molybdenum and would support the conclusion that lithium wets clean 
molybdenum for the entirety of its liquid phase. This is illustrated by the dashed red line in 
Figure 3.17. The impurities in the molybdenum surface are hypothesized to cause deviation of 
the solid-vacuum interfacial energy from that of pure molybdenum, leading to the discrepancy 
between the theoretical curve and experimental data.  
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Figure 3.16: Lithium Contact Angle on Untreated Tungsten vs Various Treatments 
 
Figure 3.17: Comparison Between Predictions of Section 3.1 and Experiment for Molybdenum 
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Figure 3.18: Comparison Between Predictions of Section 3.1 and Experiment for Tungsten 
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CHAPTER 4: RELATIVE THERMOPOWER OF FUSION RELEVANT MATERIALS 
 
Thermoelectricity has played a significant role in science since its discovery in 1821. The ability 
to convert electrical energy to thermal energy in a thermodynamically reversible manner has a 
large number of applications, such as the cooling of samples by running a current through a 
junction, the measurement of a wide range of temperatures merely by monitoring a voltage, and 
others. These phenomena have been attributed to three separate effects: the Seebeck effect, the 
Peltier effect, and the Thomson effect. The Seebeck effect refers to the phenomenon that the 
voltage across the junction of two metals is a function of temperature. This is the mechanism by 
which thermocouples measure temperature, because if the relationship between temperature and 
voltage is known, the temperature may be ascertained by reading the voltage across such a 
junction. The Peltier effect is the generation or removal of heat at a junction between two 
dissimilar conductors when a current is passed through the junction. Finally, the Thomson effect 
is the additional generation or removal of heat when passing a current along a temperature 
gradient. With the onset of the Onsager relations, it was proven that these three effects are 
relatable through the Thomson relations which express the Thomson and Peltier coefficients as 
functions of the temperature and the Seebeck coefficient. Therefore, to fully characterize the 
thermoelectric properties of a material, one need only characterize the Seebeck coefficient as a 
function of temperature.  
 
 4.1 Seebeck Background 
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This is of paramount importance in a thermoelectric magnetohydrodynamically driven divertor 
concept where the thermoelectric current is driven by the Seebeck effect, and the Peltier and 
Thomson effects are negligible in comparison. Mathematically, the Seebeck effect is described 
by: 
               (4.1) 
For the voltage generated between two thermocouple junctions. S in this case is the relative 
thermopower, or difference in Seebeck coefficients of the two materials that compose the 
junctions. Equation 4.1 can be generalized, however, for the electric field in a material by use of 
the definition of voltage in terms of the electric field: 
            (4.2) 
Where here the proportionality S is the absolute Seebeck coefficient of the material and T is the 
temperature. Figure 4.1 shows an example thermocouple circuit.  
 
Figure 4.1: Illustration of Seebeck Effect 
 
If we denote the absolute Seebeck coefficient, of materials A and B as SA and SB respectively. 
The relative thermopower, or relative Seebeck coefficient is given by: 
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                 (4.3) 
Since S is a function of temperature for virtually all junctions, (4.3) may then be substituted into 
(4.1) directly only for small temperature differences. For larger temperature differences, an 
integral over T is required. 
 
The Seebeck effect and other thermoelectric effects arise from a temperature asymmetry in the 
Boltzmann transport equation for electrons in a solid. To first order, this asymmetry can be 
expressed by
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Where l(k) is the mean free path of electrons, f(k) is the electron energy distribution function, k 
the electron wavenumber, Ef the Fermi energy, T the temperature, and E the background electric 
field. By balancing the electron and hole currents arising from the temperature gradient and an 
established background electric field, the dependence of the strength of the field on the 
temperature gradient yields the Seebeck coefficient. In this manner, the Seebeck coefficient may 
be expressed as: 
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    (4.5) 
Where kB is Boltzmann’s constant, e the electron charge, and ρ the resistivity. Such a relation has 
been able to predict the linear portion of the Seebeck coefficient of many metals in the solid 
phase at temperatures well above the Debye temperature as can be seen for gold in Figure 4.2. 
The departure is due to phonon-electron scattering which was not included in the above equation. 
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Equation 4.5 has two important features. First, it is strongly dependent on the energy dependence 
of the electron scattering at the Fermi surface, which can be seen in the derivative of the natural 
log of resistivity with energy. Second, it is roughly linearly dependent on temperature at large 
temperatures where the energy dependence of the scattering behavior of electrons is less 
dependent on temperature for many metals. This linearity of Seebeck coefficient with 
temperature was observed in the tests performed
31
 which are described below. 
 
Figure 4.2: Theoretical (Dashed) vs Experimental (Solid) Results for the Seebeck Coefficient of Gold 
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As mentioned previously, the Seebeck coefficients of a variety of materials are important to the 
operation of thermoelectric magnetohydrodynamic devices. Thermoelectric 
magnetohydrodynamic devices rely on the interaction of a thermoelectric current with a 
magnetic field to drive flow of a liquid metal
29
. Research into the use of these devices as 
potential divertor concepts in magnetic confinement fusion devices is ongoing, and it is crucial to 
the understanding of these devices to have knowledge of the Seebeck coefficients of the 
materials used. It was the intention of the author, therefore, to assay many potential materials in 
order to expand the choices for the constituent materials of such a device.  
 
Among the materials tested are lithium, tungsten, molybdenum, tantalum, vanadium, and tin. 
Lithium and tin constitute two of the potential materials that would form the flowing liquid 
plasma facing surface of a TEMHD device, while the remainder of the materials presented here 
qualify as potential candidates for the structural material of such a device. Stainless steel was not 
mentioned above because the thermocouples used in the determination of the Seebeck coefficient 
were coated in a stainless steel sheath and therefore, the Seebeck coefficients were measured 
relative to stainless steel. A measurement of stainless steel then would return a value of zero, as 
the relative thermopower between stainless steel and itself is zero. An approximation is used for 
the absolute Seebeck coefficient of stainless steel, and therefore calculation of the absolute 
Seebeck coefficients of the six materials was made possible. These potential structural materials 
chosen were chosen for several potential reasons. The refractory metals (tungsten, molybdenum, 
and tantalum) were investigated for their high thermal conductivity, low sputtering yields, and 
high melting points. Vanadium was investigated in spite of its low thermal conductivity for its 
resistance to activation even under large neutron fluxes
57
. Lithium was investigated for reasons 
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described earlier in this work. Finally, tin was investigated for its low melting point, and because 
alloys of lithium and tin may prove the best option for a TEMHD driven divertor concept. Tin 
suppresses the evaporation of lithium in vacuum, allowing operation of such a device beyond the 
previous limit of 400 
o
C. Further work is still to be performed into the Seebeck coefficient of 
lithium tin alloys and these will be benchmarked against lithium and tin. 
Previously, measurements of the Seebeck coefficients of both lithium and tungsten were 
compiled by Shercliff
30
. However, due to the disagreement between the measurements by 
Bidwell
58
 and Kendall
59
, the Seebeck coefficient of both lithium and tungsten were re-measured 
in order to determine their accuracy. The values measured agree with those reported by Shercliff 
to within a couple μVK-1. The measurements taken here confirm the results of Surla60 and 
Kendall
59
 over those of Bidwell
58
, as will be shown in Section 4.3, Figure 4.6. 
 
4.2 Experimental Apparatus and Analysis Software 
The Seebeck coefficient measurements performed at UIUC were performed in an apparatus 
designed and built at UIUC. Several important concerns were to be addressed with the design of 
the apparatus. First, it is important that a temperature gradient be established across the material 
to be investigated. It is also important that the bulk temperature of the material be adjustable as 
well to investigate the dependence of the Seebeck coefficient on temperature. Another concern is 
proper measurement of the small voltage established across the sample. The experiments 
performed were conducted in an oil bath placed on top of a ceramic hot plate (Benchmark Sci. 
Instr.). Investigation of the Seebeck coefficient of lithium in the absence of significant oxidation, 
and potential fire necessitated testing in oil. The remainder of the experiments were also 
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conducted in oil for consistency of the results. The sample to be analyzed was either purchased 
in the form of, or manually formed into a wire of diameter of approximately 2mm. This sample 
was then placed inside a quartz tube with inner diameter of 3mm and length 75mm. This quartz 
tube serves two purposed, one, to contained materials with low melting points that will liquefy 
during a portion of the test, and two, to insulate the material from a small heater coil. Both of the 
potential candidates for a liquid metal plasma facing surface material were investigated at 
temperatures in excess of their melting points. This necessitated that the quartz container be able 
to contain liquids in addition to the solid rods that composed the remainder of the tests. Two 
small plugs of stainless steel shim-stock were created by rolling thin strips of the shim-stock 
around the thermocouple leads, which were then fed through the ends of the quartz tube until 
impact with the sample. The shim-stock plugs were rolled to be dense enough that upon feeding 
into the end of the quartz tube the shim-stock compressed to seal potentially melted liquids 
within the quartz tube.  
 
To induce a temperature gradient along the wire, a small heater coil is used, which, as mentioned 
previously, is placed on the outside of the quartz tube near one end of the sample. The heater coil 
is a nichrome wire wrapped into a 5 turn solenoid. About 1A of current is run through the wire to 
establish the temperature gradient, however, this current is adjustable via a variable resistor that 
is adjusted to maintain a temperature difference of about 8 K across the wire. This entire 
assembly is submerged in Multi-Therm PG-1 mineral oil. The average temperature of the wire is 
adjusted via the ceramic hot plate which heated the entire oil bath. The temperature difference 
and voltage across the sample were then measured via a pair of stainless steel coated 
thermocouples. Wires attached to the stainless steel coats measured the voltage while the 
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thermocouple measured the temperature. The temperature difference and voltage were tracked 
using a LabJack U6 data acquisition device and a pair of LabJack Tick-InAmps. The voltage 
signal and thermocouple voltages were both amplified. The data was then compiled and analyzed 
with the aid of LabView program written specifically for the task. A previous iteration of this 
experimental apparatus had employed a LabView program which required the user to heat the 
sample to a temperature and maintain the temperature while the program collected data. The 
program was rewritten and considerably slimmed to allow for continuous collection of data. This 
reduced the procedure to running the program while heating the oil bath and maintaining a 
temperature gradient across the sample. The results were exported to a .csv file to allow for 
convenient processing in other software such as Excel or MATLAB. Since the Seebeck 
coefficient is a function of temperature, it was recorded vs. the average wire temperature. This 
process is the differential thermopower measurement described in
61
. A photo of the apparatus 
and a schematic are shown in Figure 4.3. A view of the LabView interface can be seen in Figure 
4.4, while the flow chart (wire diagram) of the program can be found in Appendix A.2. 
 
Figure 4.3: (A) Schematic of the Seebeck Apparatus. (B) Photo of the Apparatus 
65 
 
 
Figure 4.4: Seebeck Coefficient LabView Program Allowing Continuous Measurement of the Seebeck Coefficient as a Function 
of Temperature 
 
4.3 Results 
Measurement of the Seebeck coefficient of any material requires that there be a junction between 
the material to be investigated and some reference material. The Seebeck coefficient is then 
measured relative to this reference and then the Seebeck coefficient of the reference is subtracted 
out, yielding the absolute Seebeck coefficient of the material. All of the materials measured 
herein where measured relative to stainless steel, and are presented as Sx-SS, to signify the relative 
thermopower between material x and stainless steel. To find the relative thermopower between 
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two arbitrary materials then, one need only subtract the two Seebeck coefficients, i.e. the relative 
thermopower between materials x and y is given by: 
                      (4.6) 
An equation for the absolute Seebeck coefficient of stainless steel is given by
62
: 
                       
      (4.7) 
Where T is in Kelvin, and which may then be used to determine the absolute Seebeck coefficient 
of any of the materials presented here by proper implementation of 4.6. The Seebeck coefficients 
(thermopowers relative to stainless steel) measured are shown in Figure 4.5.  
 
Figure 4.5: Variation of Relative Thermopower of Various Materials with Temperature Referenced to 316 Stainless Steel 
 
Results show that for the solid metals the trend is, in general, almost linear with temperature. For 
molybdenum the Seebeck coefficient rises with from SMo = 5.0 μVK
-1
 at 30 
oC to 10.0 μVK-1 at 
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275 
o
C. Tungsten from SW = 2.0 μVK
-1
 at 30 
oC to 8.8 μVK-1 at 275 oC, and tantalum has the 
lowest Seebeck coefficient of the solid metals studied with STa = -1.5 μVK
-1
 at 30 
o
C to -0.5 
μVK-1 at 275 oC.  
 
Figure 4.6: Comparison of Experimental Data of Surla and Kendall for Seebeck coefficient of Li. (Surla et al
60
) Agrees with 
experimental data from Figure 4.5 
 
The Seebeck coefficient for Li has been re-measured and agrees with past measurements by 
Surla
60
 and Kendall
59
, which can be seen by a comparison of the new data in Figure 4.5 with 
Figure 4.6. The Seebeck coefficient for Sn has two distinct phases, the SSn-solid = -0.5 μVK-1 at 
30 
oC and 0 μVK-1 near the melting temperature of 231 oC. There is a distinct jump in the 
Seebeck coefficient around the melting temperature as the Sn melts, SSn-melt = 1.0 μVK
-1
 from 
235 
o
C to 275 
o
C. 
 
Second order polynomial fits of the above data, with the stainless steel contribution subtracted 
out, yield the following approximations for the absolute Seebeck coefficient of each material, 
with T in K, and S in μVK-1: 
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Lithium: 
    {
                                    
                                         
                                      
         (4.8) 
Molybdenum: 
                          
                        (4.9) 
Tantalum: 
                          
                         (4.10) 
Tungsten: 
                         
                         (4.11) 
Tin: 
    {
                                 
                                       
                                     
        (4.12) 
Most show a positive trend of S vs T, however, one feature in particular stands out. Both the 
curves for lithium and tin show a jump in the Seebeck coefficient. This is indicative of the 
melting point of each material, as these jumps occur at 180 
o
C and 231 
o
C which are respectively 
the melting points of lithium and tin. These jumps are sometimes accompanied by a spike in the 
data, shown as an undershoot and overshoot at the two ends of the jump. Multiple tests showed 
variability in the height of these spikes and are hypothesized to be an artifact of the data 
acquisition method. 
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Previous experiments by Bidwell
58
, Kendall
59
, and Surla
60
 also investigated the Seebeck 
coefficient of lithium. The measurements conducted by Surla
60
 were conducted with an 
experimental setup nearly identical to ours, the apparatus in both cases being the same device. It 
was found by Surla
60
. that the measured Seebeck coefficient was heavily dependent on the 
position of the heater coil. This dependence was further investigated here, yielding the graph 
shown in Figure 4.7.  
 
Figure 4.7: Variability of Measured Thermopower with Heater Coil Position 
 
Two tests were performed, one maintained a constant power to the differential heater, the other 
attempted to maintain a constant temperature difference across the sample. Both tests yielded the 
same results potentially ruling out effects arising from a variable temperature gradient across the 
sample as the culprit in the measurement variability. The graph in 4.5 shows that when the coil 
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was placed near the edge of the sample, the measured Seebeck coefficient was lower than when 
the heater coil was placed nearer the middle. It was found that a large region existed away from 
the edges where the Seebeck coefficient was relatively stable with regard to heater coil position, 
as shown by the zoomed in portion of Figure 4.7. Data for the Seebeck coefficient with the 
heater coil near the middle of the sample was hard to obtain due to the difficulty in establishing a 
temperature difference between the two ends of the sample. However, there appears to be a 
strong edge effect near the ends of the sample. Therefore, the Seebeck coefficients reported here 
are using a coil position that reproduces the results of Surla
60
 which in turn match the results 
given by Kendall
59
. This position was originally chosen to maximize the temperature gradient 
across the sample obtained for a given current through the heater coil and is located 5mm from 
the end of the sample for the duration of each test. This corresponds to a heater coil position 
whose center is directly over the tip of one of the thermocouples. Due to the variability of 
Seebeck coefficient with heater coil position, other methods of establishing a temperature 
gradient were sought to confirm that the choice of heater coil position was correct. Tests were 
performed with multiple heater coils, which also showed dependence of the Seebeck coefficient 
with position of both heating coils. Finally, a method whereby the oil bath was moved to one 
side of the hot plate to differentially heat the end closer to the middle of the plate was used. A 
divider was also included to slow convective heat transfer between ends of the sample in the 
mineral oil. This method should, in principal, be free of any bias in the measurement of the 
relative thermopower of the sample and stainless steel. The results of this test, and the 
comparison with tungsten data taken at the previously described heater coil position is presented 
in Figure 4.8. A similar graph is also presented for lithium in Figure 4.9. Excellent agreement at 
71 
 
low temperatures and good agreement at high temperatures confirm that the choice of heater coil 
position for the thermopower measurements was correct.  
 
Figure 4.8: Comparison Between Heating Methods for Determination of Thermopower (Tungsten) 
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Figure 4.9: Comparison Between Heating Methods for Determination of Thermopower (Lithium) 
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CHAPTER 5: DISCUSSION 
 
The above presented work, while detailing relevant properties of liquid lithium for use in a 
TEMHD device, and presenting supporting theory for the same has several heretofore un-
discussed corollaries, these are examined here. 
 
 5.1 Lithium Injection Implications 
As discussed previously in Chapter 2, the lithium pellet producer led to the development of the 
lithium injector used for the tests performed in Chapter 3. The development of this lithium 
injector is significant for its ability to deposit droplets of lithium that are, upon visual inspection, 
free of impurities. The oxidation rate of these clean droplets is also much slower than that of 
pools of lithium melted in vacuum where initial impurities on the surface provide seeds for rapid 
oxidation of the remainder of the lithium surface. This lithium injection technology will allow 
for more precise filling of the LiMIT trenches with cleaner lithium. This also enables a wide 
range of tests for material compatibility as well. The ability to drop controlled amounts of 
lithium at controllable temperatures on to various substrates also allows for the potential to 
conduct tests of the rate of lithium attack on different materials. 
 
 5.2 Methods of Inducing Wetting of Liquid Lithium on a Surface 
Two important conclusions should be drawn from the results presented in Chapter 3. The first of 
these is that the wetting of liquid lithium is greatly enhanced by layers of evaporated lithium on a 
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substrate. The second of these is that, once wet, a lithium droplet will not un-wet from a surface. 
It is the suggestion of the author that to induce the strongest wetting of liquid lithium on a 
surface, that the temperature of the surface be raised to between 350 and 400 
o
C both to ensure 
that the substrate be at elevated temperature, but not so hot as to induce evaporation of lithium 
from the surface. Lithium from a crucible should then be evaporated onto the substrate, and 
immediately after, or, if possible, during the lithium evaporation, the lithium droplet should be 
deposited on the surface. After contact of the droplet with the surface, the substrate may be 
cooled to the operating temperature desired, and the contact angle should remain that of when the 
lithium impacted the substrate. 
 
 5.3 Ideal Combinations for Strongest Relative Thermopower 
Since the motivation for these experiments was in support of a TEMHD device, the most 
relevant results are the relative thermopowers between each of the liquids and each of the solids. 
For example, the relative thermopower between lithium and tungsten is proportional to the 
driving TEMHD force in a device whose base was made of tungsten and whose working fluid 
was lithium. Comparing the thermopower of Li-W and Li-SS, we can see that using tungsten 
would provide about 2/3 of the driving force that stainless steel would provide given the same 
temperature gradient, SLi-W=19.0 μVK
-1
, SLi-SS=28.4 μVK
-1
 at 250
o
C. It can also be seen that tin 
would also work as a working fluid, but would almost certainly need to be used with tungsten or 
molybdenum. SSn-W=-8.3 μVK
-1 
and SSn-SS=1.1 μVK
-1
 at 250
o
C. Note that the relative 
thermopower for the Sn-W system is negative. This means that in a TEMHD system, the 
direction of the tin flow in tungsten trenches would be opposite that for lithium in the same 
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trenches. Tantalum and stainless steel offer significant thermopowers, however, there are issues 
with their ability to survive in a fusion environment
31
. Tungsten and molybdenum offer more 
durable options. And even though the thermopower would be reduced, it may be necessary to use 
these materials.  
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CHAPTER 6: CONCLUSION 
This work presented the experiments performed and theory developed to characterize liquid 
lithium for implementation in a thermoelectric magnetohydrodynamic device for nuclear fusion 
applications. Beginning with the development and supporting theory of a lithium pellet producer 
for to produce small spheres of lithium to be used in an ELM control device
 
at Princeton Plasma 
Physics Lab and the realization that the ability to eject variable quantities of lithium cleaned of 
most impurities, this work first discusses and introduces a new lithium injector developed to 
improve studies to characterize the interaction of lithium with various surfaces.  
 
This development started with the electrostatic lithium injector, evolved into a device for the 
production of small spheres of lithium, and was finally refined into the lithium injector used in 
subsequent experiments. This injection technology is easily extendable to the creation of spheres 
of any low melting point metal.  
 
The work then progressed to discuss the theory and results of a series of contact angle 
measurements that characterized the wetting of liquid lithium on stainless steel, molybdenum, 
and tungsten as well as three methods by which to improve the wetting characteristics, 
deposition of a diamond-like carbon film, argon plasma cleaning, and deposition of a lithium 
coating. For this study, a new methodology was employed for investigating wetting of lithium. 
These tests may have also determined a method to help prevent the leaking of liquid lithium from 
joints and seals via a coating of lithium oxide, though more work must be done to confirm this. 
This new methodology employed a lithium injector depositing a series of droplets of lithium onto 
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the substrate to be investigated. This substrate was mounted in vacuum on a moveable stage in 
an attempt to minimize the effect of impurity formation on the surface of the lithium. These tests 
showed a transition between a non-wetting state with contact angles of greater than 100
o
 to a 
wetting state with contact angles that decreased further as temperature of the substrate increased. 
This transition occurred at a characteristic wetting temperature that for stainless steel occurred at 
315 
o
C, for molybdenum at 325 
o
C, and for tungsten at 349 
o
C. Evaporation of lithium onto the 
surface as well as treatment of the surface with an argon plasma were both found to decrease this 
wetting temperature.  
 
Finally, the physical basis behind the Seebeck effect, as well as measurements performed on the 
relative thermopower between stainless steel, a variety of potential liquid metals for a TEMHD 
device such as lithium and tin, and several potential substrate material candidates such as 
tungsten, molybdenum, vanadium, and tantalum was covered. Results of this investigation 
resulted in nearly linear rises of the Seebeck coefficient with temperature for all of the solid 
materials studied. The liquid metals had linear rises in Seebeck coefficient both before and after 
melting while experiencing a jump, or discontinuity, at the melting point. The systems of liquid 
lithium and stainless steel or tantalum would provide the highest thermopowers, however, due to 
material survival concerns, tungsten or molybdenum might need to serve as the other material in 
a TEMHD device, albeit with a lower relative thermopower.  
 
The studies performed constitute a characterization of two of the most crucial properties of 
lithium in a TEMHD device, namely the thermopower of the liquid metal with the solid substrate 
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and the wetting of that liquid metal on that self-same substrate, in short a characterization of 
liquid lithium properties for thermoelectric magnetohydrodynamic driven nuclear fusion 
applications. 
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CHAPTER 7: FUTURE WORK 
The avenues for extension of the work presented here are twofold. One lies in the expansion of 
further understanding the wetting of liquid lithium on various surfaces, and the other lies in the 
expansion of the library of known Seebeck coefficients. These will be discussed in turn here. 
 
The contact angle measurements performed here, while providing an excellent picture of lithium 
wetting on stainless steel, and to a lesser extent tungsten and molybdenum, may be expanded in 
several ways. Future work should be performed into further confirmation of the results obtained 
here. Expansion of the library of investigated materials should also be performed. Preliminary 
tests have begun to look at the wetting of lithium on tantalum, but stopped due to embrittlement 
issues with the tantalum foil that was used. Investigating the wetting of lithium on tantalum, 
vanadium, and other materials will help characterize the suitability of these materials for use as 
the substrate in a TEMHD device. The effect of thermal desorption of impurities is also 
envisioned for future work. The hypothesis for the difference between the molybdenum foil 
investigated and the molybdenum plate is that adsorbed impurities artificially inflated the contact 
angle of lithium on molybdenum, and that the conversion from non-wetting to wetting was due 
less to the interfacial energies of the lithium and molybdenum, and rather significantly more to 
the thermal desorption of oxygen from the surface. Comparison of TDS studies with 
experimental results as well as the baking of samples before exposure to liquid lithium is another 
path of future work. Finally, a quantitative measurement of the wicking speed of lithium into 
trenches of tungsten or molybdenum as well as uptake into porous foams of the same would 
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yield more knowledge about the behavior of lithium necessary to the operation of a TEMHD 
device. 
 
The second avenue for future work lies in the expansion of the Seebeck coefficient library. While 
the refractory metals, as well as some materials with low activation under large neutron fluxes, 
such as vanadium, have been investigated, there are several other potential materials of interest. 
Of particular note is the fact that the Seebeck coefficients of tellurium and selenium are 
incredibly high. Perhaps this large Seebeck coefficient extends to their compounds with tungsten 
and molybdenum as well. Future experiments will investigate the dependence of the Seebeck 
coefficient on temperature for tungsten and molybdenum telluride and selenide. Work also 
remains to be performed on the explanation of the end effect seen in the testing of the Seebeck 
coefficient with the position of the differential heating coil used. Several hypotheses have been 
offered in explanation of the effect, however, none are able to explain the magnitude to which 
the difference occurs. Future work therefore, will also attempt to theoretically explain this effect. 
 
As for the lithium injector, future work may offer an avenue by which to develop the 
electrostatic lithium injector discussed at the beginning of Chapter 2. Previously, there had been 
no available vacuum chamber with the capability to reach high enough vacuum to prevent 
breakdown of the residual gas when a voltage was applied to the nozzle. The materials 
characterization test stand chamber on which the contact angle measurements had been 
performed has since been equipped with a cryogenic pump to limit the oxidation of lithium 
during the contact angle tests. This chamber is also an excellent choice because it is already 
81 
 
configured to use the lithium injector, the main step remaining is merely electrical isolation of 
the injector from the main chamber, and application of a voltage.  
The improved design of a TEMHD device for the improvement of a nuclear fusion reactor is also 
a natural extension of this work. Modeling and preliminary testing of such a device will 
constitute a portion of the future work prior to the installation into a fusion machine, however, 
the end goal of this research is to build a better fusion reactor, and the design of improved liquid 
lithium PFCs is a portion of the future work arising from this thesis.  
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APPENDIX A: CODE 
 A.1 MATLAB Code 
  A.1.1 Droplet Freezing Program 
function [dmin,v,tfreeze]=dropfreezetime3(Rsphere) 
%Material Property Definition 
g=9.8; 
kfluid=.130; %Fluid Thermal Conductivity 
mu=.00265; %Value of Multitherm PG-1 at 100C 
rholi=512;  %Density Specification 
rhof=874.7; 
hf=4.32e5;  %Heat of Fusion of Lithium 
Tm=180;     %Melting Point of Lithium 
Tb=25;      %Bulk Fluid Temperature 
convflag=0; 
loop=0; 
vold=.01; 
while and(convflag==0,loop<400) %Loop for Determination of Lithium Velocity 
(Succesive Under Relaxation to Prevent Ringing of Solution, a=.8) 
    loop=loop+1; 
    vnew=.2*vold+.8*(2*g/9*abs(rholi-
rhof)*Rsphere^2/(mu))/(1+.15*(2*rhof*vold*Rsphere/mu)^.687); 
    ratio=(abs(vnew-vold)/vold); 
    if ratio<.001 
        convflag=1; 
    else 
        vold=vnew; 
    end 
end 
%loop 
%convflag 
v=vnew; 
%cd=(24/(2*rhof*vold*Rsphere/mu))*(1+.15*(2*rhof*vold*Rsphere/mu)^.687) 
%Re=(2*rhof*vold*Rsphere/mu) 
tfreeze=hf*rholi*(Rsphere^3-(Rsphere-.00005)^3)/(3*Rsphere*kfluid*(Tm-Tb)); 
dmin=v*tfreeze; 
 
  A.1.2 Contact Angle Measurement Program 
function [angles,temps]=anglemeasure  %Program to Analyze Contact Angle of 
Lithium on Various Surfaces From Still Frames 
brkcnt=0;  %Loop Break Flag 
angles=[]; %Angle Data Vector 
temps=[];  %Temperature Data Vector 
loopcnt=0; %Loop Count 
while brkcnt==0 
    %Advance Loop Count, Open File, Read and Display Image 
    loopcnt=loopcnt+1; 
    [filename,pathname]=uigetfile('*.*'); 
    cd(pathname) 
    I=imread(filename); 
    imshow(I) 
85 
 
    %Place Point at Liquid/Solid/Vacuum Triple Point (User Performed) 
    h=impoint; 
    wait(h); 
    pos=getPosition(h); 
    %Draw Line Tangent to Droplet Surface and Along Droplet/Solid Interface 
    %(User Performed) 
    h1=imline(gca,[pos;[pos(1),pos(2)+50]]); 
    wait(h1); 
    h2=imline(gca,[pos;[pos(1)+50,pos(2)]]); 
    wait(h2); 
    pos1=getPosition(h1); 
    pos2=getPosition(h2); 
    %From Lines, Calculate Contact Angle (Law of Cosines) 
    a=sqrt((pos2(2,1)-pos1(2,1))^2+(pos2(2,2)-pos1(2,2))^2); 
    b=sqrt((pos1(2,1)-pos1(1,1))^2+(pos1(2,2)-pos1(1,2))^2); 
    c=sqrt((pos2(2,1)-pos2(1,1))^2+(pos2(2,2)-pos2(1,2))^2); 
    angle=acos((-a^2+b^2+c^2)/(2*b*c))*180/pi; 
    angles=[angles;angle]; 
    temp=str2double(filename(1:end-4)); 
    temps=[temps;temp]; 
    choice=menu('Measure Another Angle?','Yes','No'); 
    if choice==2 
        brkcnt=1; 
    end 
end 
%Plot Contact Angle Data 
figure(2) 
plot(temps,angles,'r*--') 
hold on 
plot(temps,90+temps*0,'k') 
ttl=['Lithium Contact Angle Data Taken On ',pathname(end-5:end-1)]; 
title(ttl) 
xlabel('Temperature in Degrees Celsius') 
ylabel('Angle in Degrees') 
 
  A.1.3 Contact Angle Fit Program 
function CAtheoryLithium 
%At Reference Temperature of 1500 oC 
%Tungsten GSV0=6280, Tcrit=2730 
%Molybdenum GSV0=6280, Tcrit=2227; 
%Stainless Steel GSV0=4450, Tcrit=2225; 
rf=1.2;  %Cassie Baxter Surface Roughness 
r=rf;   %Wenzel Surface Roughness (Taken to be Equal to CB Roughness) 
f=.60;  %CB Fractional Area Wet 
Twet=180;   %Wetting Temperature 
GSV0=6280;  %Guggenheim-Katayama Relation Paramters for GSV 
Tcrit=2227; 
Tref=1600;  %G-K Parameter for TcritSL 
GSL0=(GSV0-Twet*(GSV0/Tcrit))/(1-Twet/Tref); %Fit for GSL0 from Wetting Temp 
T=linspace(175,450,300); %Temperature Vectoy 
GSV=GSV0*(1-T/Tcrit);   %G-K Relation Definition 
GSL=GSL0*(1-T/Tref); 
GLV=467.74*(1-T/1342); 
CA=acos((GSV-GSL)./GLV);    %Contact Angle Definition 
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for i=1:length(CA) 
    if CA(i)>pi/2 
        CA(i)=acos(rf*f*cos(CA(i))+f-1);    %If not wetting, CB state  
    end 
end 
for i=1:length(CA) 
    if CA(i)<pi/2 
        CA(i)=acos(r*cos(CA(i)));           %If wetting, Wenzel state 
    end 
end 
CA=CA*180/pi; 
plot(T,CA,'r--') 
hold on 
%plot(T,90+T*0,'k') 
%axis([min(T),max(T),0,190]) 
 
 A.2 LabView Code 
  A.2.1 Seebeck Coefficient Measurement Program Wire Diagram 
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